Cell locomotion plays a key role in the development and health of multicellular organisms. Many different types of individual locomoting cells are composed of morphologically distinct regions. These regions are the lamellipodium, lamella, cell body, and tail of the cell (see Fig. [1](#F1){ref-type="fig"} *a*; [@B27]; [@B22]). The lamellipodium and lamella are at the cell anterior. Historically the term lamellipodium was used to describe the tip of the lamella ([@B1]). It has now become clear that the lamellipodium is mechanically and spatially distinct from the rest of the lamella. We note that this distinction is not always made in the literature. The loose term lamella is sometimes inaccurately used to describe the lamellipodium and vice versa. For this reason in our paper we wish to make it clear that the lamellipodium is a short, thin band at the extreme cell anterior. The lamella is located immediately behind the lamellipodium and is longer and of intermediate thickness. Behind the lamella, more centrally located is the largest and bulkiest region of the cell comprising the nucleus and most of the organelles. We term this region the cell body. The cell posterior is a rounded or drawn out tail. Very roughly, and varying from cell to cell, the cell body comprises about one half of the cell length and the lamella and tail the other half. The lamellipodium is only a few micrometers in length, \<5% of the total cell length. During cell locomotion, as observed by time-lapse microscopy, the lamellipodium, cell body, and tail all move forward roughly with the same vector to a more anterior position. The lamella appears to stay in place as the cell body advances. Forward movement of these distinct cell regions can be tracked separately in the same locomoting cell and have characteristic properties ([@B27]; [@B46]). For these reasons they are considered different types of cell motility and are termed lamellipodia protrusion, cell body motility (or traction), and tail retraction/deadhesion (see Fig. [1](#F1){ref-type="fig"} *b*). The detailed mechanism of cell locomotion described by the combination of protrusion, cell body motility, and retraction is complex and poorly understood. It is widely accepted to be driven by activity of the actin cytoskeleton ([@B19]; [@B46]; [@B32]; [@B39]).

Data collectively taken from a number of laboratories suggest that distinct actin-based motile forces in lamellipodia and the cell body, respectively, drive protrusion and cell body motility during cell locomotion ([@B12]; [@B19]; [@B46]; [@B32]; [@B39]). It is not known if a distinct force exists for tail retraction. Lamellipodia have been intensely studied over recent years, and the relative roles of actin filament polymerization and unconventional myosin activity in generating actin-based motile force in lamellipodia for protrusion are being tested in different systems (for review see [@B39]). In contrast, the generation of actin-based motile force elsewhere in the cell to drive cell body motility and tail retraction has been less studied and is not well understood. This force is arguably more important for generating overall locomotion. While it is known that myosin II plays a role in cell body motility and tail retraction ([@B59]; [@B16]; Jay et al, 1995) the mechanism is not understood at a molecular level. Part of the problem in understanding cell body motility and tail retraction is that in contrast to the lamellipodium, the structural organization of actin in the cell body and tail of a locomoting cell is unknown. This makes it difficult to determine, for example, in what direction myosin would generate force.

In lamellipodia, data on the structural organization of actin filaments and their polarity had important implications for the generation of motile force for protrusion ([@B50], 1995; [@B48]). This information was essential for interpreting observed dynamic behavior of actin filaments in lamellipodia ([@B57]; [@B18]; [@B41]; [@B53], [@B54]; [@B35]; [@B36]). Similarly, determining the structural and dynamic properties of actin filaments in an entire locomoting cell would undoubtedly have important implications for the generation of motile force for cell body motility and perhaps for tail retraction. Also it would provide essential information about the organization of potential actin substrates for myosin in a locomoting cell.

We are interested in cell body motility and tail retraction during cell locomotion. In this paper we therefore set out to determine the ultrastructural organization, polarity, and dynamic behavior of actin filaments in entire primary locomoting fibroblasts from chick heart explants. We chose these cells because fibroblasts have provided one of the classic models for tissue cell locomotion ([@B1]). Also, among primary cell types that locomote in culture, fibroblasts are one of the most amenable to experimental manipulation. When first explanted, heart fibroblasts locomote for ∼2 d in culture, with the most rapid locomotion occurring in the first day. After a few days of primary culture the cells then lose their polar morphology and stop locomoting ([@B8]). We note that most or all established fibroblast cell lines resemble the latter, nonlocomoting phenotype and are thus poorly suited to studies of cell body motility. What information is there on actin filament organization in the lamella, cell body, and tail of locomoting heart fibroblasts? Actin filament bundles exist, but this has not been well documented. This is partly due to the use of anti-actin antibodies which recognize actin monomers in a diffuse pattern that may mask actin bundles and partly due to earlier indirect studies which relied on detection of a bundle by phase contrast or bright field microscopy. However it is clear to us from images presented in some of these studies that thin actin filament bundles of unknown identity exist in the lamella, cell body, and tail of locomoting heart fibroblasts ([@B8]; see Fig. 18). Also later studies with phalloidin in a locomoting fibroblast cell model clearly show thin actin bundles of unknown identity in the cell body of the locomoting cell ([@B17]; see Fig. [6](#F6){ref-type="fig"} *e*). In contrast, in the established fibroblast cell lines, as well as in many other cell lines, and in primary cells grown for longer than a few days in culture, actin filament bundles in the lamella, cell body, and tail have been extensively documented. These actin filament bundles are termed stress fibers (for review see [@B6]). Whether stress fibers are related to the actin bundles in the lamella, cell body, and tail of locomoting fibroblasts or any other locomoting cell type has not previously been directly tested. However the possibility seems unlikely since activity of stress fibers is generally thought to prevent the cell from locomoting ([@B6]).

From our ultrastructural and dynamic studies of actin filaments in locomoting heart fibroblasts we have identified a novel type of actin filament organization, the graded polarity actin bundle. We determined that the organization of graded polarity actin bundles in locomoting fibroblasts is distinct from the organization of stress fibers in a nonlocomoting established cell line (Potoroo tridactylis kidney \[PtK2\] cells)^1^. We suggest that graded polarity actin filament bundles play a role in the generation of motile force for cell body motility during heart fibroblast locomotion.

Materials and Methods
=====================

Primary Fibroblast and PtK2 Cell Culture
----------------------------------------

Locomoting fibroblasts were obtained from explants of heart tissue from 7- or 8-d-old chick embryos or similarly from embryonic or newborn rat or mouse. For structural studies we used chick explants, and for the other studies we mostly used chick but saw no difference in our data with rat or mouse explants. Explants were carefully placed under media onto glass or aclar (Ted Pella Inc., Redding, CA) coverslips coated with 1 mg/ml polyL-lysine (Sigma Chemical Co., St. Louis, MO) and 125 μg/ml matrigel (Collaborative Research, Inc., Bedford, MA). Explants were incubated in DME-H16 medium with 10% FCS and for the chick fibroblasts, 10% chick sera, streptomycin, and penicillin at 37°C in 5% CO~2~. Under these conditions fibroblasts will start locomoting away from the explants within 12 h. We did our experiments within 12--20 h, as we detemined that this was the optimal time for enough cells to have locomoted away from the explant for an experiment but before the cells had lost their rapidly locomoting phenotype. For live cell experiments in Fig. [9](#F9){ref-type="fig"} we determined the rate of cell body motility by tracking either the displacement of the nucleus or the distinct boundary between the lamella and cell body. We found this to be an efficient method for measuring a large number of cells and in some cells verified that it was the same or very similar to centroid displacement of the cell body.

PtK2 cells were obtained from the American Type Culture Collection (Rockville, MD) and grown in DME-H16 medium with 10% FCS, streptomycin, and penicillin at 37°C in 5% CO~2~. 1--3 d before fixing for immunofluorescence or EM they were plated onto plain glass or 1 μg/ml polyL-lysine (Sigma Chemical Co.) coated aclar (Ted Pella Inc.) coverslips, respectively.

Initial Characterization of Live Locomoting Heart Fibroblasts; Locomotion Analysis and Orientation of Actin Filament Bundles
----------------------------------------------------------------------------------------------------------------------------

In this paper we refer to different cell regions and cell locations (Fig. [1](#F1){ref-type="fig"} *a*) and different types of cell motility during cell locomotion (Fig. [1](#F1){ref-type="fig"} *b*).

In heart fibroblasts we determined that actin filaments are mostly bundled. For subsequent EM studies of actin filaments in fixed cells, our criteria for identifying individual chick heart fibroblasts that we knew had been locomoting in an unambiguous direction were based on the cells having a certain polar morphology. For subsequent actin filament dynamic studies in fibroblasts our criteria for identifying locomoting cells were also based on the cells having a certain polar morphology. Our criteria however were less stringent than for the EM studies because we would be able to view the time-lapse record. To be able to identify polar morphology we first characterized live chick heart fibroblasts by time-lapse video microscopy (Fig. [1](#F1){ref-type="fig"} *c* and *f*). To begin to characterize actin filament bundles in the same live fibroblasts we time-lapsed, we then fixed cells and determined the spatial orientation of their bundles with respect to the vector of cell body motility (Fig. [1](#F1){ref-type="fig"} *c*-*f*). For time-lapse recording, heart fibroblasts on glass coverslips were transferred on the day of observation to an aluminum chamber. Cells were observed at 34-36°C in bicarbonate- and phenol red-free DME, with 10% bovine calf serum and 10% chick sera, 20 mM Hepes, pH 7.4, streptomycin and penicillin. They were recorded in timelapse with a cooled charge-coupled device camera on a Nikon micoscope with a 40X Neofluar 0.75 NA objective. After about an hour of recording, cells were immediately fixed in situ with 4% formaldehyde, then a phase image of the fixed cells was taken (Fig. [1](#F1){ref-type="fig"} *c*) before staining cells for actin filaments with rhodamine-phalloidin (Molecular Probes Inc., Eugene, OR) (Fig. [1](#F1){ref-type="fig"} *d*) as described previously ([@B9]). Cells were not moved during the whole procedure (confirmed by relating the position of cells to scratch marks on the coverslip). Images of phalloidinstained cells that had previously been time-lapsed were obtained with the same charge-coupled device camera.

First, we determined that if a fibroblast is locomoting it has certain morphology. Under our cell culture conditions we found that after plating explants for 12--20 h, ∼90% of cells are locomotory. The gross morphology of the cells varies, but as determined previously ([@B8]), we discovered that faster-locomoting cells have a distinctive polar phenotype (e.g., Fig. [1](#F1){ref-type="fig"} *c*, cells *1*, *2*, *4*, *6*, and *7*). These polar cells are easily distinguished from the nonpolar (orthogonal) shape of non- or slowly locomoting cells (e.g., Fig. [1](#F1){ref-type="fig"} *c*, cell *3*).

Next, we determined that if a fibroblast is highly polarized, its morphology indicates the direction of locomotion. Polar cells locomote to a more anterior position, away from the posterior, with a vector that approximates the anterior--posterior axis. Since in highly polarized cells the anterior and posterior of the cell is easily recognizable, morphology in these cells indicates the direction of locomotion. These highly polarized cells typically have an anterior (e.g., Fig. [1](#F1){ref-type="fig"} *c*, cell *2*, *long bar*) that is broader than its posterior (e.g., Fig. [1](#F1){ref-type="fig"} *c*, cell *2*, *short bar*). Also the cell anterior is further characterized by a lamellipodium at the cell tip (e.g., Fig. [1](#F1){ref-type="fig"} *c*, cell *1*, *arrowhead*) and a lamella (e.g., Fig. [1](#F1){ref-type="fig"} *c*, cell *1*, *short arrow*) located behind the lamellipodium. Behind the lamella is the cell body (e.g., Fig. [1](#F1){ref-type="fig"} *c*, cell *1*, *long arrow*) which is easily identifiable, comprising the nucleus (e.g., Fig. [1](#F1){ref-type="fig"} *c*, cell *1*, *below the long arrow*) and most of the organelles (e.g., Fig. [1](#F1){ref-type="fig"} *c*, cell *1*, *above the long arrow*). Thus, of the cells we show in Fig. [1](#F1){ref-type="fig"} *c*, the anterior and posterior is clear for highly polarized cells 1, 2, 4, and 6 and was previously clear for cell 7 (Fig. [1](#F1){ref-type="fig"} *f*, *dashed outline*). It is clear that these cells locomote to a more anterior position (Fig. [1](#F1){ref-type="fig"} *f*, compare solid and dashed lines of cells *1*, *2*, *4*, *6*, and *7*), with a vector that approximates the anterior--posterior axis (Fig. [1](#F1){ref-type="fig"} *f*, cells *1*, *2*, *4*, *6*, and *7*, *joined dots*). Fibroblasts with this type of highly polarized morphology are the types of cells we individually chose from a population of fixed cells for EM studies. Some types of polar cells we would not have chosen at all either for EM or for actin dynamic studies in locomoting cells (e.g., Fig [1](#F1){ref-type="fig"} *d*, cells *5* and *8*). We deliberately did not choose any polar cells that were in the center of a group of cells. This is because while these cells can have a polar morphology they are generally contact inhibited from undergoing fast locomotion (e.g., Fig.1 *f*, cell *5*). We also did not choose polar cells which had several distinct sites where there were lamellipodia and lamellae, and thus the location of the anterior, based on morphology alone would always have been unclear (e.g., Fig.1 *f*, cell *8*). Given this analysis we can be confident that all the cells chosen for EM were locomoting in the direction specified by their morphology.

We next determined the spatial orientation of actin bundles in fixed cells (Fig. [1](#F1){ref-type="fig"} *d*), which we had previously time-lapsed live with respect to the vector of live cell body motility (Fig. [1](#F1){ref-type="fig"} *f*). We tracked the cell body because its movement has been little studied with respect to spatial orientation of actin filaments in locomoting cells. The cell body is easily trackable and is also an accurate marker for cell locomotion, in that it continuously moves forward during locomotion of a constant direction but undergoes no net forward translocation in stationary cells. Fig. [1](#F1){ref-type="fig"} *e* shows the outlines of the position of cells and cell bodies at the end of the timelapse when cells were fixed. To determine the vector of cell body motility we determined the approximate center of the cell body at regular intervals (e.g., Fig. [1](#F1){ref-type="fig"} *e*, *dots*) during the time-lapse which lasted ∼1 h. From the beginning (Fig. [1](#F1){ref-type="fig"} *f*, *dashed cell outlines*) to the end of filming (Fig. [1](#F1){ref-type="fig"} *f*, *solid cell outlines*), we plotted the approximate position of the cell body center in temporal order (increasing time is toward the *arrowheads* in Fig. [1](#F1){ref-type="fig"} *f*). In cells that had a highly polarized morphology we observed that the vector of forward motility of the cell body (e.g., Fig. [1](#F1){ref-type="fig"} *f*, cells *1*, *2*, *4*, *6*, and *7*, *joined dots to arrowhead*) is oriented with the long axis of most of the actin filament bundles in the cell body (Fig. [1](#F1){ref-type="fig"} *d*, cells *1*, *2*, *4*, *6*, and *7*, *long arrows*) and lamella (Fig. [1](#F1){ref-type="fig"} *d*, cells *1*, *2*, *4*, *6*, and *7*, *short arrows*) of the same locomoting cell. We term these bundles longitudinal actin bundles. The axis of a few actin bundles in locomoting cells is perpendicular to the vector of cell body motility. We term these bundles transverse actin bundles (e.g., Fig. [1](#F1){ref-type="fig"} *d*, cell *2*, *arrowhead*). In cells that we would not choose for EM or actin dynamic studies in locomoting cells, either because they had orthogonal (in this case the cell was slowly locomoting, e.g., Fig. [1](#F1){ref-type="fig"}, *d* and *f*, cell *3*) or ambiguous morphology (e.g., Fig. [1](#F1){ref-type="fig"}, *d* and *f*, cell *8*), the vector of cell body motility changed more frequently and in some cells was also less persistent during the period of observation. Interestingly in these cells the spatial orientation of actin bundles is more mixed, but the vector of cell body motility for each time interval is still correlated with the long axis of a subset of bundles.

Fluorescence Microscopy
-----------------------

We used a fluorescence method that preserves cell structure, which we previously developed for observing actin filaments and myosin II in delicate cells ([@B10]). In brief, fibroblasts or PtK2 cells on glass coverslips were extracted for 45 s in stabilizing buffer, fixed in 4% formaldehyde for 20 min, and permeabilized with TBS and 0.5% Triton X-100 for 10 min. Indirect immunofluorescence was performed using either affinity-purified rabbit anti--human platelet nonmuscle myosin II antibody (Biomedical Technologies, Inc., Stoughton, MA) or a mouse monoclonal IgG~1~ anti--chicken talin antibody (Sigma Chemical Co.) and cells stained with Texas red--conjugated affinipure goat anti--rabbit IgG (H+L) or FITC-conjugated affinipure goat anti--mouse IgG (H+L) antibody (Jackson ImmunoResearch Labs, Inc., West Grove, PA). Myosin stained cells were then stained with 0.25--0.5 μg/ml FITC--phalloidin (Molecular Probes Inc.). Cells were imaged on a microscope (Optiphot-2; Nikon Inc., Garden City, NY), digitized with a cooled, charge-coupled device camera (Princeton Instruments Inc., Trenton, NJ), or imaged on a Zeiss photomicroscope with hypersensitized Technical Pan film (Alpha Photo Products Inc., Oakland, CA).

Electron Microscopy
-------------------

Our aim was to determine the ultrastructure of actin filament bundles in the lamella, cell body, and tail of locomoting heart fibroblasts. We optimized conditions to maximally preserve the actin cytoskeleton by staining cells in parallel with rhodamine--phalloidin before the S1 and/ or embedding step and by successive improvements to the whole EM procedure. We chose conditions that were gentle but still allowed access of S1 to the cell body for polarity determination. Since the cell body of a fibroblast is around 30--50× thicker than the lamellipodium, our optimal methods for the cell body did not always preserve the lamellipodium as well as other EM methods that were optimized for lamellipodia ([@B47]; [@B34]). However, the preservation of fibroblast lamellipodia in our work was sufficient to determine that they had a similar actin filament polarity to these reports. Similarly, to be able to study the entire cell body we had to trade greater than optimal extraction of the dorsal surface to allow optimal visualization of actin deeper in the cell.

For S1 labeling, cells on aclar coverslips were extracted in 0.1% Triton X-100 in phosphate buffer (50 mM phosphate, pH 6.8, 3 mM MgCl~2~, 1 mM EGTA) and 1 μg/ml phalloidin (Sigma Chemical Co.) for 45--60 s, rinsed fast and gently 2--3× in phosphate buffer with 1 μg/ml phalloidin, and incubated with S1 myosin (gift from Kathy Franks and Roger Cooke, University of California, San Francisco, CA; [@B55]) for 15--30 min. S1 was aspirated and cells immediately fixed without prior rinsing and then embedded for EM ([@B37]; [@B24]). We chose individual embedded locomoting fibroblasts to section one at a time and groups of PtK2 cells to section on a dissection microscope (Wild Leitz USA Inc., Rockleigh, NJ). To be chosen, fibroblasts had to fulfill several criteria (Fig. [1](#F1){ref-type="fig"}, *c--f*). Cells were sectioned parallel to the substrate from the ventral surface through to the dorsal surface at 40 nm intervals. All sections of one cell were placed in a constant orientation in order on grids. To determine the orientation of these sections with respect to the orientation of the fibroblast, we used ventral sections as a reference, since they mirror the polar morphology of the intact cell. We confirmed this for some of the fibroblasts by making a small indentation in the plastic at the anterior of the cell before sectioning. To determine the location of the cell body we additionally used the nucleus as a reference. The same EM and sectioning procedures were used for cells that were not treated with S1, except cells were permeabilized in cytoskeleton buffer ([@B47]; [@B52]) with 0.34 M sucrose, 0.1% Triton X-100, and 1 μg/ml phalloidin and fixed in a mixture of 50 mM lysine, 3% glutaraldehyde ([@B4]) for 10 min, and then 3% glutaraldehyde for 20 min.

EM Quantitation
---------------

To determine actin filament polarity we scored filaments in one actin bundle, in one section, in one cell at a time, from 15, 200× negatives viewed through a 4× anastigmatic lupe (Ted Pella Inc.) on a light box. The combination of this method together with optimally prepared cells and an excellent S1 preparation enabled us to typically determine the polarity of 75-- 95% of the total actin filaments in any given field of view. Some of this clarity is lost in reproduction of printed images. We measured three individual cells blindly (i.e., without knowing the orientation of the negative relative to the cell and without knowing the orientation of the cell) and got the same results as for the sighted analyses. We reconstructed individual cells from overlapping, high power EM negatives for each photographed serial section, working from overlapping low power negatives of the same section as a guide.

Microinjection and Photoactivation
----------------------------------

Microinjection of caged-resorufin actin into fibroblasts, photoactivation of fluorescence, and data collection were performed as previously described for PtK2 cells ([@B9]) but at 31--33°C. At this lower temperature heart fibroblasts locomote more slowly than observed for the initial characterization of these cells described above in Fig. [1](#F1){ref-type="fig"}. Paired phase contrast and epifluorescence images of live cells were obtained with a silicon-intensified, target-tube camera.

Preparation of Images
---------------------

Digital images (Fig. [1](#F1){ref-type="fig"}, *c* and *d* and Fig. [2](#F2){ref-type="fig"}, *a*, *b*, *e*, and *f*), conventional prints of 35 mm negatives (Fig. [2](#F2){ref-type="fig"}, *c* and *d*) , EM negatives or conventional EM prints (Figs. [3](#F3){ref-type="fig"}--[5](#F5){ref-type="fig"}, [7](#F7){ref-type="fig"}, and [8](#F8){ref-type="fig"}), and the video images in Fig. [9](#F9){ref-type="fig"} were imported or scanned into Adobe photoshop (Adobe Systems Inc., Mountain View, CA), digitally processed, and printed on a printer (Phaser 440; Tektronix, Inc., Wilsonville, OR).

Results
=======

Initial Characterization of Actin Filament Bundles and Cell Adhesion Sites in Locomoting Fibroblasts
----------------------------------------------------------------------------------------------------

For all our experiments we studied 12--20-h old primary locomoting fibroblasts from heart explants, mostly from chick embryos (see Materials and Methods and Fig. [1](#F1){ref-type="fig"}, *c--f* for locomotion analysis).

We determined that actin filament bundles in locomoting fibroblasts (Fig. [2](#F2){ref-type="fig"} *a*, *arrow*) stain for myosin II (Fig. [2](#F2){ref-type="fig"} *b*, *arrow*). This myosin staining pattern superficially resembles stress fibers in nonlocomoting cells (PtK2 cells) but on closer inspection is different. The punctate myosin II staining pattern along a single actin bundle and from bundle to bundle is quite irregular in the fibroblasts (Fig. [2](#F2){ref-type="fig"} *c*, compare *vertical lines* and *arrowhead*). In contrast, the staining pattern in stress fibers in PtK2 cells is more consistent (Fig. [2](#F2){ref-type="fig"} *d* , compare *vertical lines* and *arrowhead*). In fibroblasts that have a nonlocomoting phenotype (cultured for 3--5 d), the myosin II staining pattern is indistinguishable from stress fibers in PtK2 cells (not shown; see staining in [@B58]; [@B1]). That the organization of other aspects of the actin cytoskeleton differs between locomoting fibroblasts and PtK2 cells is also shown by the staining pattern for talin, a protein found in adhesion complexes. In locomoting fibroblasts talin is found in thin streaks in the whole cell at the plane of the substrate with no apparent staining at the cell periphery (Fig. [2](#F2){ref-type="fig"} *e*). In PtK2 cells talin is predominantly found in thicker streaks at the cell periphery (Fig. [2](#F2){ref-type="fig"} *f*). Like Ptk2 cells, stationary or slowly locomoting fibroblasts have thicker talin streaks at the cell periphery and also thick patches in the bulk of the cell ([@B17]; [@B13]).

Ultrastructural Organization of Actin Filament Bundles in Locomoting Fibroblasts
--------------------------------------------------------------------------------

Next we determined the detailed spatial orientation, distribution, and size of actin filament bundles in locomoting fibroblasts by serial section electron microscopy using conditions that optimally preserve structure of the actin cytoskeleton. We chose only cells we could unambiguously determine were locomoting in a direction specified by their morphology (see Materials and Methods; Fig. [1](#F1){ref-type="fig"}, *c--f*). We observed that actin filaments in the lamella and cell body (Fig. [3](#F3){ref-type="fig"} *a*, between the *long arrows*) and tail (Fig. [3](#F3){ref-type="fig"}, *a* and *b*, *short arrows*) of locomoting fibroblasts are mostly bundled and that these bundles have several spatial orientations (Fig. [3](#F3){ref-type="fig"}, *a--h*). As expected from our light microscope studies in the Materials and Methods section (Fig. [1](#F1){ref-type="fig"}, *c--f*), we observed both longitudinal and transverse actin bundles. Longitudinal actin bundles are by far the largest population of bundles in every individual cell we analyzed. We define longitudinal as bundles 0--30°C to the vector of locomotion. This vector is determined from the overall shape of the cell (Fig. [1](#F1){ref-type="fig"}, *c--f*). In the whole analysis longitudinal actin bundles comprise an average 75% (631/838) of the total actin bundles scored. Most longitudinal actin bundles (65% of total actin bundles) are located in the ventral region of the cell (Table [I](#TI){ref-type="table"}). These ventrally located actin bundles are long (average 13 μm) and are comprised of long actin filaments (\>2 μm; Table [I](#TI){ref-type="table"}). On average the actin bundles overlap with each other to span 90% (ranging 67--100% in individual cells) of the ventral cell surface. In some cells individual longitudinal actin bundles appear very long (30--60 μm), individually spanning 50--75% of the cell surface (Fig. [3](#F3){ref-type="fig"}, *a* and *b* and Fig. [5](#F5){ref-type="fig"}, *a* and *c*). The remaining longitudinal actin bundles are about equally distributed between the middle and dorsal regions of the cell (Table [I](#TI){ref-type="table"}). Longitudinal actin bundles in ventral, middle, and dorsal cell regions (Fig. [3](#F3){ref-type="fig"}, *b* and *c*, *arrowheads*) are associated with the nucleus (Fig. [3](#F3){ref-type="fig"} *c*, *arrow*) in the cell body. The length of longitudinal actin bundles is on average shorter in the middle (Table [I](#TI){ref-type="table"}) and dorsal regions (Fig. [3](#F3){ref-type="fig"}, *d*, *long arrow*, and *e*, *arrow*) of the cell. However with respect to the middle region, in sections toward the bottom of the nucleus (Fig. [3](#F3){ref-type="fig"} *b*), longitudinal actin bundles can be as long as those on the ventral surface. Actin bundles are typically quite narrow (∼0.3 μm, Table [I](#TI){ref-type="table"}), but in some cells we saw wider actin mats ranging 1--7 μm wide (Fig. [3](#F3){ref-type="fig"} *h*). Across their width, narrow bundles contain ∼10--30 actin filaments and wider mats up to ∼300 filaments.

Transverse actin bundles are one of two smaller spatial populations of actin filament bundles we observed in the lamella and cell body of locomoting fibroblasts (Fig. [3](#F3){ref-type="fig"}, *g* and *h*). We observed transverse actin bundles in half the cell population (7/14 cells) oriented perpendicular +/− ∼30° to the vector of cell locomotion (Fig. [3](#F3){ref-type="fig"} *h*, lying in the direction of the *short arrows*). Transverse actin bundles are about equally distributed between the ventral and middle region of the cell (Table [I](#TI){ref-type="table"}). They represent an average 11% (99/838) of the total actin bundles scored in the cell population.

The other smaller spatial population is found within 0.1-- 1 μm of the plasma membrane. We term these subplasma membrane actin bundles (Fig. [3](#F3){ref-type="fig"} *d*, *short arrow* and at higher magnification in Fig. [3](#F3){ref-type="fig"} *f*, *arrow*). While the long axis of subplasma membrane actin bundles is also oriented with the vector of cell locomotion, the organization of these bundles (see polarity studies below) differs from longitudinal actin bundles, and so we gave them a different name and scored them separately. Subplasma membrane actin bundles are about equally distributed in the cell (Table [I](#TI){ref-type="table"}), except they were not observed in sections at the ventral surface. For clarity, sections at the ventral surface comprise a sheet of plasma membrane that lies on the substrate. Longitudinal actin bundles cover this membrane sheet. In higher sections the plasma membrane forms a thin ribbon circumscribing the section. In these higher sections subplasma membrane actin bundles lie on the inner surface of the membrane ribbon, and longitudinal actin bundles are more internal from the membrane ribbon.

Polarity of Longitudinal Actin Bundles in Locomoting Fibroblasts
----------------------------------------------------------------

We next determined the polarity of actin filaments in locomoting fibroblasts by S1 decoration and serial section EM. First we looked at longitudinal actin bundles (Figs. [4](#F4){ref-type="fig"}--[6](#F6){ref-type="fig"}), the largest population of actin bundles in individual cells. We observed that the polarity of these actin bundles from the ventral surface through to the dorsal surface depends on their anterior--posterior location in the cell. We first exemplify this for actin bundles on the ventral surface in extreme cell locations (Fig. [4](#F4){ref-type="fig"}, *a--d*). In the anterior of the lamella, barbed ends of actin filaments (Fig. [4](#F4){ref-type="fig"} *a*, *chevrons traced in ink*) mostly face forward (Fig. [4](#F4){ref-type="fig"} *a*, the vector of locomotion is shown by the *arrow*). Roughly in the cell center actin bundles have mixed polarity (50% barbed, 50% pointed) as a function of bundle length (Fig. [4](#F4){ref-type="fig"} *b*, *chevrons traced in ink*). We estimate that actin polarity alternates across the width of a mixed polarity actin bundle every one to three filaments. In the tip of the tail, pointed ends of actin filaments (Fig. [4](#F4){ref-type="fig"} *c*, *chevrons traced in ink*) mostly face forward (Fig. [4](#F4){ref-type="fig"} *c*, the vector of locomotion is shown by the *arrow*). The uniform polarity of these actin bundles in the anterior of the lamella and tip of the tail and the mixed polarity of the actin bundles roughly in the cell center, are clearly shown in Fig. [4](#F4){ref-type="fig"} *d.* For all these actin bundles, average polarity does not change over short distances (3--5 μm for a cell typically 40--60 μm long).

What happens to the polarity of actin bundles between the extreme sites shown in Fig. [4](#F4){ref-type="fig"}? To analyze the polarity of actin filaments in individual longitudinal actin bundles in individual cells in more detail, we scored polarity as a function of position across the whole cell. This confirmed our original analysis (Fig. [4](#F4){ref-type="fig"}, *a--d*) but also revealed that longitudinal actin bundles have graded polarity (Fig. [5](#F5){ref-type="fig"}). Regardless of their ventral--dorsal location, the closer actin filaments are to the anterior margin of the cell, the more their barbed ends face forward. To illustrate this we show graded polarity for consecutive, colinear, long (up to ∼30 μm) longitudinal actin bundles which span the length of the cell, on the ventral surface (Fig. [5](#F5){ref-type="fig"}, *a* and *b*) and in a middle section (Fig. [5](#F5){ref-type="fig"}, *c* and *d*) respectively, of the same locomoting fibroblast. We scored polarity along these actin bundles every 0.5 μm over the length of the cell (∼60 μm long). As observed in Fig. [4](#F4){ref-type="fig"}, average polarity in the actin bundles does not change over short distances. In contrast over the length of an individual actin bundle, polarity gradually changes. In this cell the polarity gradient across individual actin bundles ∼20--30 μm in length is ∼25--50%. In the cell population in an actin bundle of average length of 13 μm, the polarity gradient is ∼15--20%. The actual actin polarity at any given point in an actin bundle is determined by position in the cell. Over the 60 μm of total cell length shown in Fig. [5](#F5){ref-type="fig"}, polarity gradually changes with a gradient of ∼85%, from 10--15 to 90--95% barbed ends facing forward from the back to the front of the cell. This is not due to actin filaments having a more random orientation toward the posterior of the cell, because nearly every filament we observed in the cell posterior was oriented 0--30° to the vector of locomotion. Nor is it due to an inability to distinguish the polarity of a filament. We were typically able to score the polarity of 75--95% of the filaments in any given field of view (see Materials and Methods). Interestingly, the slope of the graphs in Fig. [5](#F5){ref-type="fig"}, *b* and *d* appears steeper at each end. We do not yet know if this is significant.

Next we present the average data that we compiled for individual longitudinal actin bundles in all the individual cells we analyzed. To do this we determined polarity as in Fig. [5](#F5){ref-type="fig"}, but in larger increments, every 10% of cell length (0% is at the tail tip and 100% is in the lamellipodium; Fig. [6](#F6){ref-type="fig"} *a*). This allowed us to compare data between cells that varied in length. A 10% increment represents 2--10 μm of cell length depending on the length of that cell (range 20-- 100 μm, but typically 40--60 μm). Once we had obtained a measure of polarity for individual longitudinal actin bundles at each increment in an individual cell, we determined the average polarity of all the individual longitudinal actin bundles in that cell for each increment (i.e., different individual longitudinal actin bundles would have the same position as a function of cell length, but would be located at varying positions on the cell width axis). Then we plotted these average values versus cell position for each individual cell on the same graph (Fig. [6](#F6){ref-type="fig"} *a*). The tight correlation between filament polarity and cell position, both within a single actin bundle (Fig. [5](#F5){ref-type="fig"}, *b* and *d*), between individual actin bundles (compare Fig. [5](#F5){ref-type="fig"}, *b* and *d*), and in all the cells we analyzed (Fig. [6](#F6){ref-type="fig"} *a*), appears to be a fundamental and previously unrecognized aspect of actin cytoskeletal organization. We therefore term these structures graded polarity actin bundles. The same observations were confirmed in sections that were scored blindly. Also, Fig. [6](#F6){ref-type="fig"} *a* confirms that the polarity of actin filaments in the lamellipodium of locomoting fibroblasts (100% of cell length) is identical to that of actin filaments in lamellipodia of other motile cells, i.e., all barbed ends forward ([@B48]; [@B51]).

Transverse actin bundles in both ventral and middle sections also have graded polarity; the closer actin filaments are to one side of the cell the more their barbed ends face the nearest side cell margin (Fig. [6](#F6){ref-type="fig"} *b*). However there is one subtle difference between transverse and longitudinal graded polarity actin bundles. Analogous to longitudinal actin bundles, mixed polarity is observed in transverse actin bundles halfway across the width of the cell, but only in ventral sections; in middle sections at this location we observed disorganized alternating polarity as a function of bundle length (*below*). Graded polarity actin bundles account for ∼85% of the total actin bundles observed in the cell population and 100% of the actin bundles on the ventral surface.

Polarity of Stress Fibers in PtK2 Cells
---------------------------------------

Once we had determined the organization of graded polarity actin filament bundles in the lamella, cell body, and tail of locomoting fibroblasts, we compared this organization to that of stress fibers in the cell body of nonlocomoting cells (Fig. [7](#F7){ref-type="fig"} *a--d*, *PtK2 cells*). Stress fibers are thought to be organized like muscle sarcomeres ([@B44]; [@B45]). Thus like muscle sarcomeres, we expected stress fibers to have alternating polarity as a function of fiber length. While there have been some previous studies on stress fiber polarity in PtK2 cells and other cell types, measurements were not made as a function of fiber length, and the reports did not include detailed quantitation of polarity ([@B3]; [@B44]). Here we show that in single stress fibers (Fig. [7](#F7){ref-type="fig"}, *b* and *c*) and in the stress fiber population in PtK2 cells (Fig. [7](#F7){ref-type="fig"} *d*), filament polarity alternates as a function of fiber length. The distance between each alternate polarity (*periodicity*) is short and regular (average 0.6 μm). This is a very different organization to graded polarity actin bundles, which do not alternate or change polarity over short distances (compare Fig. [7](#F7){ref-type="fig"} *c* to Fig. [4](#F4){ref-type="fig"} *d* and to Fig. [5](#F5){ref-type="fig"}, *b* and *d*).

Polarity of Subplasma Membrane Actin Bundles in Locomoting Fibroblasts
----------------------------------------------------------------------

In locomoting fibroblasts we observed that subplasma membrane actin bundles in all cell sections and transverse actin bundles located halfway across the width of the cell in middle sections are similarly organized to stress fibers in PtK2 cells. Like stress fibers in PtK2 cells, the polarity of subplasma membrane actin bundles in locomoting fibroblasts (Fig. [8](#F8){ref-type="fig"}) also alternates at short intervals along the length of the bundle, but in a less regular way than stress fibers (single bundles are shown in Fig. [8](#F8){ref-type="fig"}, *b* and *c*, and the bundle population is shown in Fig. [8](#F8){ref-type="fig"} *d*)*.* Of the transverse actin bundles that have alternating polarity, the periodicity is also more variable (not shown). On average, periodicity is 0.8 μm for subplasma membrane actin bundles and 0.9 μm for alternating polarity transverse actin bundles. This agrees well with the independent measurements of average filament length in these bundles of 0.7 and 0.8 μm, respectively (Table [I](#TI){ref-type="table"}). The number of filaments with the same polarity across the width of one half of an alternating polarity actin bundle is slightly less in fibroblasts (75%, SD = 11, *n* = 148) than in PtK2 cells (83%, SD = 9, *n* = 149). From these data we consider alternating polarity actin filament bundles in locomoting fibroblasts to be basically similar to stress fibers but to be more disorganized. We estimate that disorganized alternating polarity actin bundles represent ∼15% of the total actin bundles in the locomoting fibroblast cell population (14% as subplasma membrane actin bundles plus 1% as transverse actin bundles). In individual fibroblasts this value ranges 5--19%. The other 81--95% are graded polarity actin bundles. Table [II](#TII){ref-type="table"} summarizes the distribution of graded polarity and alternating polarity actin filament bundles in locomoting fibroblasts.

Actin Filament Dynamics in the Cell Body, Lamella, and Lamellipodium of Locomoting Fibroblasts
----------------------------------------------------------------------------------------------

Having established the structural organization and polarity of actin filaments in locomoting fibroblasts we investigated their dynamic behavior in live fibroblasts by photoactivation of fluorescence. Actin filament marking experiments in the cell body and lamella of a cell have not previously been reported. We also report dynamic actin behavior in lamellipodia of locomoting fibroblasts since previous reports for fibroblasts have been restricted to stationary cells. The dynamic behavior of actin filaments we observed depended on the location of the marked filaments in the cell. Within the cell body there are two dynamic populations of actin filaments. One moves forward at the same rate as the cell body, and the other remains stationary with respect to substrate, regardless of the anterior--posterior location of the mark in the cell body (Fig. [9](#F9){ref-type="fig"}, *a--f*). This bar splitting occurred in 43/51 locomoting cells; in 3/51 cells, actin filaments were observed to only move forward, and in 5/51 cells all observed filaments remained stationary. We estimate that stationary actin comprises an average 70% of the total actin marked, ranging 50--100% in 48 individual cells (excluding the three marked cells in which all the actin moved forward). Forward movement of actin filaments does not occur in stationary fibroblasts (not shown). Actin filaments are relatively stable in the cell body with an average turnover of 576 s (9.6 min). Within lamella all the marked and observed actin filaments are stationary (observed for 1--15 min in 23 locomoting cells) during fibroblast locomotion (Fig. [9](#F9){ref-type="fig"}, *g--k*).

As observed in lamellipodia of stationary fibroblasts ([@B57]; [@B54]) and of other motile cell types ([@B41]; [@B35]), actin filaments in the lamellipodia of locomoting fibroblasts flow rearward with respect to substrate (Fig. [9](#F9){ref-type="fig"} *l*; *n* = 26 marks in 23 cells). Neither lamellipodia protrusion (*r* ^2^ is 0.14, *n* = 34) nor rearward flow of actin filaments in lamellipodia (Table [III](#TIII){ref-type="table"}) directly correlates with the rate of forward motility of the cell body in locomoting fibroblasts. This implies that at least over shorter periods of time, protrusion and cell body motility operate independently. Over longer periods there must be some global control because there is some correlation between net protrusion and speed of the whole fibroblast (correlation = 0.56; [@B2]). Table [III](#TIII){ref-type="table"} summarizes the type of dynamic actin filament behavior we observed in locomoting fibroblasts and any correlation between this behavior and either forward motility of the cell body or protrusion.

Discussion
==========

Structural Organization of Actin Filaments in Locomoting Fibroblasts
--------------------------------------------------------------------

In locomoting heart fibroblasts we observed three different types of actin filament organization: sheets of expected uniform polarity in the lamellipodium, graded polarity actin bundles, and disorganized alternating polarity actin bundles in the cell body, lamella, and tail. The uniform polarity and alternating polarity actin bundles were expected from previous work ([@B48]). The graded polarity actin bundles, which were the major population of actin bundles, were unexpected. Since detailed information on the organization of actin filament bundles in entire locomoting cells has not previously been reported, we first compare the actin bundles we have characterized in locomoting fibroblasts to stress fibers that we further characterized in nonlocomoting cells (PtK2 cells).

The term stress fiber was first used over 70 yr ago to describe cytoplasmic fibers visible by light microscopy in the cell body of nonmuscle cells ([@B33]). This description was used before the protein composition or organization of the cytoplasmic fibers was known. By this criterion alone then the term stress fiber could potentially be applied to many different types of cytoplasmic fibers, irrespective of protein composition or organization. However later it was established from studies in cells with a nonlocomoting phenotype that stress fibers are actin filament bundles (for review see [@B6]). Whether the term stress fiber can also be used to describe actin filament bundles in locomoting cells in our opinion requires characterization of the organization of both stress fibers and the actin bundles in question.

We have determined that the organization of graded polarity actin bundles in locomoting fibroblasts is distinct from that of stress fibers in several respects. Individual actin filaments in graded polarity actin bundles (Table [I](#TI){ref-type="table"}) are at least fourfold longer than in stress fibers in PtK2 cells ([@B44], which we confirmed). Most surprisingly, polarity of graded polarity actin bundles varies smoothly as a function of fiber length and cell position over relatively large length scales (Figs. [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). This is quite different to stress fibers in PtK2 cells where polarity varies alternately as a function of fiber length over small length scales (Fig. [7](#F7){ref-type="fig"} *c*). From these criteria we conclude that graded polarity actin bundles and stress fibers are different types of actin filament bundle. Thus we believe that the term stress fiber can not be used to describe graded polarity actin filament bundles in locomoting fibroblasts. Graded polarity actin bundles also differ from actin filament bundles of uniform polarity in protrusive structures of motile cells including filopodia and microspikes ([@B50]; [@B34]). Thus the graded polarity actin bundles we observe in the cell body, lamella, and tail of locomoting fibroblasts appear to be a novel type of actin filament organization.

The organization of alternating polarity actin filament bundles in locomoting fibroblasts is similar to that of stress fibers (compare Figs. [7](#F7){ref-type="fig"} *c* and 8 *b*). By this criterion alone an alternating polarity actin filament bundle in a locomoting fibroblast could be termed a stress fiber. However we think it more likely that these bundles are separate subtypes of actin filament structures which have alternating polarity. This structural group would also include muscle sarcomeres. We suggest separate subtypes because the alternating polarity in the locomoting fibroblasts is more disorganized than in stress fibers, and the two bundles have different spatial locations in their respective cell types and may be differentially organized. Alternating polarity actin bundles are in close apposition to the plasma membrane, whereas stress fibers are located within the body of the cell. Stress fibers are associated with focal adhesions, but while locomoting heart fibroblasts have some type of adhesion site (Fig. [2](#F2){ref-type="fig"} *e*) they lack focal adhesions ([@B8]).

How do Graded Polarity Actin Bundles Form, and Are They Present in Other Locomoting Cell Types?
-----------------------------------------------------------------------------------------------

We do not yet have much information on how graded polarity actin bundles form. They are unlikely to be formed by frequent nucleation, because actin filaments in the cell body have a slow turnover rate. A recent careful analysis of the formation of actin bundles in the transition zone (lamella) between the lamellipodium and cell body has shown that there is progressive zipping together of actin filaments mediated by myosin II ([@B56]). However this study was performed in non- or slowly moving cells, where the cell body bundles are stress fibers rather than graded polarity actin bundles, so its relevance to graded polarity actin bundles is unclear. In another study a mathematical model is presented for myosin II-- mediated organization of actin filaments into a bundle based on frictional drag and polarity ([@B40]). Whether this is relevant for graded polarity actin bundles is not known because the model is based on in vitro observations that myosin II can sort actin filaments into an aternating polarity actin filament bundle. Certain bundling proteins are thought to preferentially bundle parallel actin filaments (i.e., oriented in the same direction; [@B15]; [@B5]; [@B38]). Some of these may be important in the genesis of graded polarity actin bundles in extreme anterior and posterior cell locations where neighboring filaments usually have the same orientation. In preliminary cell staining experiments fimbrin does not localize to graded polarity actin bundles and thus is unlikely to bundle graded polarity actin bundles. α-Actinin on the other hand is localized to graded polarity actin bundles in all cell locations where it may function to bundle actin filaments.

Whether graded polarity actin bundles exist in other locomoting cell types is not yet known. We do have some partial information on the structural organization of actin filaments in certain neuronal growth cones ([@B34]). In these growth cones the distribution of actin bundles is similar to the overall spatial organization and size of longitudinal graded polarity actin bundles we observe in locomoting fibroblasts. We do not know if the actin bundles in the growth cones are graded polarity actin bundles, because in the growth cones polarity was determined along the ventral--dorsal but not anterior--posterior axis. We can not compare our polarity data directly to the growth cone study because it is unclear, where on the anterior--posterior axis the ventral and dorsal polarity measurements were made in the growth cones.

Actin Filament Dynamics in Locomoting Fibroblasts
-------------------------------------------------

In locomoting heart fibroblasts we observed three different types of actin filament dynamics with respect to substrate: retrograde flow in the lamellipodium, stationary in the lamella, and stationary and forward moving in the cell body (all illustrated in Fig. [10](#F10){ref-type="fig"} *a*). In lamellipodia of locomoting fibroblasts, as with other studies in fibroblasts, the mechanism and function of the observed retrograde actin filament flow is unknown. In *Aplysia* growth cones, retrograde actin filament flow is coupled to lamellipodia protrusion ([@B35]) and requires myosin ([@B36]). In contrast in both locomoting (this study) and stationary (Theriot and Mitchinson, 1992) fibroblasts there is no such coupling, and retrograde flow is insensitive (Cramer, L.P., and T.J. Mitchinson, unpublished observations) to the low affinity myosin inhibitor BDM ([@B10]).

In the lamella of primary locomoting heart fibroblasts the observation of stationary actin filaments is perhaps initially surprising for two reasons. The first is that a type of actin bundle (an arc) has been observed to flow rearward in the lamella of primary heart fibroblasts ([@B25]), yet we did not detect this behavior in lamella marking experiments here. We note that arcs were only observed in 6% of the total heart fibroblast population and were studied in 24--48-h old fibroblasts ([@B25]). We marked 23 12--20-h old heart fibroblasts. If arcs also exist in these younger, faster locomoting fibroblasts we would only expect to find arcs in one or two of the marked cells. The second reason is that surface-attached particles have been observed to flow rearward with respect to substrate over the lamella toward the nucleus and tail of locomoting heart fibroblasts, a process dependent on actin filaments (for review see [@B20]; [@B27]). This is not immediately reconcilable with either the observed dynamics (Fig. [9](#F9){ref-type="fig"}, *g--k*) or overall polarity (Figs. [4](#F4){ref-type="fig"} *a*, 5, and 6) of actin filaments in lamellae. It is possible that a small proportion of actin does flow rearward in lamellae to transport the particles but is not readily detected in our system. Consistent with this, on two occasions we did detect faint marked actin filaments moving rearward in the lamella at the same time as most of the actin filaments remained stationary. Alternatively perhaps some types of particle flow are driven by different actin-dependent mechanisms. Possibilities are a theoretical minus end directed, actin-based motor ([@B11]) or tensiondriven lipid flow ([@B14]). A similar problem for finding an explanation for actin-dependent particle flow is also found in lamellipodia of keratocytes ([@B30], 1991; [@B53]) and in retraction fibers of mitotic cells ([@B11]).

In the cell body of locomoting fibroblasts the observation of both stationary and forward moving actin filaments is not surprising to us. We have made the same observation in spreading edges of postmitotic cells ([@B9]). Perhaps this indicates that this type of actin filament behavior will turn out to be more widespread and may be a general feature of certain types of cell motility.

Role for Graded Polarity Actin Filament Bundles in Fibroblast Locomotion
------------------------------------------------------------------------

We think that graded polarity actin bundles are important for generating motile force during fibroblast locomotion for the following reasons: (*a*) they are the largest population of actin bundles in these cells, (*b*) many of them are located on the ventral surface of the cell, a surface against which motile force is expected to be generated, and (*c*) they are specific to locomoting cells. What type of cell motility is likely driven by graded polarity actin bundle--based motile force during cell locomotion? We know that the vector of cell body motility is oriented along the long axis of actin bundles in the cell (Fig. [1](#F1){ref-type="fig"}, compare *d* and *f*). We also know from our EM studies that most of these bundles have graded polarity. Thus we conclude that one role for graded polarity actin bundles is to generate motile force for cell body motility during cell locomotion.

We suspect that one role of the graded polarity actin bundles is to interact with myosins to generate motile force for cell body motility. There are many literature precedents for a role for myosin II in generating force for cell body motility. Early biochemical studies established that individual locomoting cells contain myosin II (Huxley, 1971). This led to the idea that in locomoting cells, as in muscle, myosin II interacts with actin to generate force. Later, genetics showed that myosin II plays a role in generating force for at least cell body motility but not protrusion during amoeba cell locomotion ([@B59]; [@B16]; [@B29]). In heart fibroblasts in an unpublished study we make a similar observation using the low affinity myosin inhibitor, BDM. In fibroblasts an actin--myosin interaction seems likely, because in these cells a strong motile force is required to work against a relatively strong adhesive force ([@B42]). In heart fibroblasts myosin II is localized to actin bundles (Fig. [2](#F2){ref-type="fig"}, *a--c*) which from their position we know are mostly graded polarity actin bundles. Thus myosin II may interact with actin in graded polarity actin bundles to generate motile force for cell body motility.

But how might this occur? Some clues are provided by our structural and dynamic studies of actin in these bundles. We observe in the cell body of locomoting fibroblasts that a population of actin filaments moves forward with respect to substrate at the same rate as the cell body, and that another actin filament population remains stationary (Fig. [9](#F9){ref-type="fig"}, *a--f* and Fig. [10](#F10){ref-type="fig"} *a*). We suggest that myosin moves one population of actin filaments forward over a second stationary population to generate motile force for forward movement of the cell body and nucleus during cell locomotion (Fig. [10](#F10){ref-type="fig"} *b*). What is the nature of this motile force? While determining this goes beyond the scope of this paper, there are two extreme possibilities. The first is that it is analogous to muscle contraction, where within a single muscle sarcomere, interdigitating actin filaments of opposite polarity slide in opposite directions. In this case within a single graded polarity actin bundle, filaments of opposite polarity would have the potential to slide. An alternate model which we prefer is that myosin acts on the surface of the graded polarity actin bundle, pulling other actin over this surface. In this view the graded polarity actin bundle is acting more like a transport bundle rather than a sarcomere. To distinguish between these possibilities several types of experiments are required. In particular we need to correlate the dynamic with the structural actin populations in the cell body. Also the ultrastructure and dynamics of myosin in graded polarity actin bundles need to be investigated.

Actin filaments in graded polarity actin bundles in the cell anterior have on average reverse polarity to those in the cell posterior (barbed ends of filaments face the nearest cell margin, as drawn in Fig. [10](#F10){ref-type="fig"} *b*). Thus motile force in graded polarity actin bundles could potentially be generated toward either the anterior or posterior of the cell. This fits Harris\'s idea that fibroblast locomotion is a continual tug-of-war between opposing forces ([@B23]; [@B21], [@B22]). Opposing motile force in graded polarity actin bundles would help the cell maintain a spread morphology during cell locomotion, preventing the cell from bunching up. We do not yet know what limits a fibroblast to locomotion in one direction. One possibility is that there is a bias for the total number of filaments that have barbed ends facing the anterior of the cell, over the cell as a whole. This is because the anterior half of the cell is wider with relatively more actin bundles than the posterior. Adhesion and its reversal may also limit the direction of locomotion. We note that in locomoting fibroblasts there are more contacts with the substrate in the cell anterior than the cell posterior ([@B26]; [@B8]).

Possible Roles for Alternating Polarity Actin Bundles in Locomoting Fibroblasts
-------------------------------------------------------------------------------

The less abundant group of actin filaments in locomoting cells has alternating polarity, the same organization known for muscle sarcomeres. This organization suggests that these bundles generate contractile force, as in muscle. Thus actin filaments are expected to move in opposite directions as filaments of opposite polarity slide past each other. In preliminary marking experiments on side cell margins in locomoting fibroblasts where most of the alternating polarity subplasma membrane actin bundles reside (Table [II](#TII){ref-type="table"}) we found that the actin mark moves in opposite directions (actin marks shear in 4/5 cells).

What is the function of alternating polarity actin bundles in locomoting fibroblasts? They may contribute to the generation of motile force for cell body motility. We think any contribution is likely to be minor because alternating polarity actin bundles comprise a small fraction of the total actin bundles in the cell, are not well organized, and are not directly connected to the ventral surface. A more compelling possibility is that since almost all the alternating polarity actin bundles are found on the inner surface of the plasma membrane they are primarily responsible for generating cortical tension and maintaining the overall shape of the cell body during cell locomotion. This provides structural evidence for the genetic data that myosin II is required for cortical tension ([@B43]).

Another possibility is that contractile force in alternating polarity actin bundles contributes to tail retraction in locomoting fibroblasts. This idea has been proposed for fibroblasts in the past ([@B7]; [@B49]) and in general for locomoting cells ([@B32]). The possibility is consistent with a role for myosin II in retracting tails of amoeba ([@B29]). Contractile force alone is probably insufficient to drive retraction, because in preliminary studies in locomoting fibroblasts we note that the rate of shearing of subplasma membrane alternating polarity actin bundles is slower than tail retraction. Other possible contributing forces for retraction are: forward motility of the cell body which may simply pull the tail forward, a notion supported by some correlation between the rates of traction and retraction in individual fibroblasts (Cramer, L.P., and T.J. Mitchison, unpublished data) and/or regulation of adhesion.
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Locomotion analysis of chick heart fibroblasts and spatial orientation of actin filament bundles in the same cells. (*a*) Diagram of different cell regions and cell locations, in a locomoting cell, which we refer to in this paper (top diagram is a top view and bottom diagram a sideways view). For serial section EM the cells were cut parallel to the substrate from ventral to dorsal. (*b*) Diagram to illustrate the different types of cell motility that occur during cell locomotion. (*c*) Phase image of fixed locomoting cells that had previously been filmed. Cells were fixed immediately at the end of filming. Different cell regions are shown in cell 1, a highly polarized cell: lamellipodium (*arrowhead*), lamella (*short arrow*), cell body (*long arrow*) comprising the organelle rich region (above the *long arrow*), and the nucleus (below the *long arrow*). In cell 2, another highly polarized cell, the anterior of the cell (*long bar*) is broader than the posterior of the cell (*short bar*). (*d*) Phalloidin staining in the same cells: actin filaments in a lamellipodium (*arrowhead*, cell *1*), longitudinal actin bundles in lamellae (*short arrows*, cells *1*, *4*, *6*, and *7*) and the cell body (*long arrows*, cells *1*, *2*, *4*, *6*, and *7*), and a transverse actin bundle (*arrowhead*, cell *2*). (*e*) Outline of cells and cell bodies of cells imaged in *c.* The dot is the approximate center of the cell body. (*f*) Live cell position at the beginning of filming (*dashed line*, *0* min). Live cell position 77 min later (*solid line*, same as fixed image shown in *c* and *e*). The dots are the approximate center of the cell body at intervals measured between 0--77 min, and the arrowhead (*upper arrowhead* for cell *6*) is the position of the center of the cell body at 77 min. The joined dot-to-dot-to-arrowhead in each cell is the vector of cell body motility during cell locomotion. For cells *1*, *2*, *4*, and *6--8* this vector defines the anterior--posterior axis. Cell 6 reversed back on itself through 180°C midway through the period of observation. Cells *1*, *2*, *4*, and *6--8* are locomoting ∼0.5 μm/min. Bar, 10 μm.

![](JCB.cramer1cf)

![](JCB.cramer1ab)

![Average graded polarity of longitudinal and transverse actin filament bundles in individual locomoting chick heart fibroblasts as a function of cell position relative to the longest section of that cell. Average data for each individual cell are plotted on the same graph. (*a*, longitudinal actin bundles) Polarity of actin filaments in all ventral sections of individual cells. 0% is the tip of the tail, and 100% is in the lamellipodium (*n* = 12 cells; 742 bundle segments; 18, 905 filaments; *r* = 0.95). (*b*, transverse actin bundles) Polarity of actin filaments in ventral and middle locations across the width of cells (*n* = 6 cells; 141 bundle segments; 2, 354 filaments; *r* = 0.92).](JCB.cramer6){#F6}
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Actin filament dynamics in the cell body, lamella, and lamellipodium of locomoting chick heart fibroblasts marked by photoactivation of fluorescence. Cells were observed by paired phase contrast epifluorescence timelapse video microscopy. Rates are generally slower than in Fig. [1](#F1){ref-type="fig"} *f*, because photoactivation experiments were done at a lower temperature. *a--f*, Cell body. (*a*) This image of the cell does not have a classical polar morphology, but it clearly has a single lamellipodium to the right and is clearly locomoting to the right. The arrow marks the front of the cell body 13 s after photoactivation, and the vertical bar marks the location of the original mark. (*b*) 832 s (14 min) later the front of the cell body has moved to the right from the long arrow to a new position (*short arrow*) at 0.2 μm/ min. The lamellipodium (*arrowhead*) protruded at a net rate of 0.32 μm/min. (*c*) Image of marked actin in the cell body 13 s after photoactivation (*long arrow*). (*d*) 832 s later in this cell ∼50% of the total marked actin filaments move forward with respect to substrate to the right of the long arrow to the short arrow at the same rate as the cell body. The other 50% remains stationary (*long arrow*). (*e*) The separation of actin filaments into moving and stationary populations is clearly seen in the fluorescence intensity line scans (*thin line*, 13 s after photoactivation and *thick line*, 832 s \[14 min\] later). (*f*) Forward movement of actin filaments (average rate = 0.29 μm/min, SD = 0.17, *n*=43 cells) is tightly coupled to the rate of cell body motility in individual locomoting cells (y = x with *r* ^2^ of 0.97). *g--k*, Lamella. (*g* and *h*) The vertical bar marks the location of the mark in *i* and *j*, respectively. (*i*) Image of actin filaments marked in lamella 23 s after photoactivation (*arrow*). (*j*) 128 s later the mark has not moved (*arrow*). (*k*) Line intensity scans 23 s after photoactivation (*thin line*) and 128 s later (*thick line*). As determined from high resolution images, during this 128 s, the cell body moves 1.3 μm toward the marked actin from the thin arrow to the thick arrow. This is at least twice the distance of the widest part of the marked actin filaments, which are represented in real terms on the graph. Note that the distance between the cell body and the mark after 128 s (distance between the *thick arrow* and the *thick line*) is an actual distance of 4 μm which is not presented in real terms, because the scale of the graph is too big. *l*, lamellipodium. All marked and observed actin filaments flow rearward with respect to the substrate (*thin line*, 26 s after photoactivation and *thick line*, 228 s later in a fibroblast locomoting at an average 0.53 μm/min). Bars: (*a--d*) 10 μm; (x axis of *e*, *k*, and *l*) 0.65 μm.
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![Actomyosin bundles in fixed locomoting chick heart fibroblasts compared to stress fibers in PtK2 cells and talin staining in these two cell types. (*a*, fibroblast) Phalloidin staining. Note actin filament bundles (*arrow*). (*b*, same fibroblast) Anti-myosin II staining. The same bundles costain for myosin II (*arrow*). (*c*, fibroblast) Myosin II staining. Actin bundles in locomoting fibroblasts show an irregular punctate pattern from one bundle (e.g., top end of the *vertical lines*) to another (e.g., *arrowhead*). (*d*, PtK2 cell) Myosin II staining. All stress fibers are stained in a regular punctate pattern (bottom end of the *vertical lines* and *arrowhead*). (*e*) Anti-talin staining in a locomoting heart fibroblast is in thin streaks in the whole cell. (*f*) Anti-talin staining in a PtK2 cell is predominantly in thick streaks at the cell periphery. Bar: (*a*, *b*, *e*, and *f*) 10 μm; (*c* and *d*) 4 μm.](JCB.cramer2){#F2}

![Ultrastructural organization of actin filament bundles in locomoting chick heart fibroblasts. Cells were fixed for optimal actin filament preservation. Micrographs of longitudinal (*a--e*), transverse (*g*), and subplasma membrane actin bundles (*d* and *f*) are from different cells. All images are presented with the anterior of the cell to the right. (*a*, ventral surface) Longitudinal actin bundles carpet the entire surface of the cell body and lamella (between the *long arrows*) and are found in the tail (*short arrow*). These bundles correspond to those visualized by phalloidin staining (Fig. [1](#F1){ref-type="fig"} *d*, *long and short arrows* and Fig. [2](#F2){ref-type="fig"} *a*, *arrow*). (*b*, middle section toward the bottom of the nucleus) The lamellipodium is just visible (*long arrow*). Longitudinal actin bundles are observable in the tail (*short arrows*) and in the cell body are associated with the bottom of the nucleus (*arrowheads*). (*c*) Association of longitudinal actin bundles (*arrowheads*) with the nucleus (*arrow*) at higher magnification. (*d*, dorsal region toward the top of the nucleus) Longitudinal actin bundles (*long arrow*) also appear in close apposition to the nucleus (*arrowheads*). (*e*, dorsal surface) Longitudinal actin bundles are shorter (*arrow*). (*f*, subplasma membrane actin bundle) An actin bundle (*arrow*) at higher magnification underneath the plasma membrane (*arrowhead*) at a side cell margin. For orientation a low magnification view of an actin bundle (*short arrow*) underneath the plasma membrane (*double arrowhead*) is shown in *d.* (*g*, transverse actin bundles) Transverse actin bundles in the lamella (*long arrow*) and in a more posterior location (*short arrow*). (*h*) Organization of posterior transverse actin bundles (*short arrows*) shown in *g* is clearer at higher magnification; the long arrow indicates the vector of locomotion. Bar: (*a*, *b*, *d*, and *e*) 2 μm; (*c*, *f*, and *h*) 0.4 μm; (*g*) 9 μm.](JCB.cramer3){#F3}

###### 

Polarity of actin filaments in longitudinal actin bundles in extreme cell locations of locomoting chick heart fibroblasts using S1 decoration. Examples of polarity from different cells are highlighted with ink traces of the chevrons. The vector of locomotion in *a--c* is to the right (*arrow*). *c* was spliced together. (*a*, anterior of the lamella) The barbed ends of actin filaments face forward. (*b*, approximate cell center) Actin bundles have mixed polarity. (*c*, tip of the tail) The pointed ends of actin filaments face forward. (*d*) Polarity is quantitated at regular intervals along each of three representative longitudinal actin bundles located in the anterior of the lamella, approximate cell center, and tip of tail, respectively. Bar (shaft of arrow in *c*), 0.2 μm.
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###### 

Graded polarity in individual actin bundles at the ventral surface and in a middle section of the same locomoting chick heart fibroblast. In these sections individual actin bundles appear to be very long (up to ∼30 μm) and to consecutively span the length of the section. Polarity was measured every 0.5 μm over the length of each section. (*a*, ventral surface) Polarity was measured for the continuous, colinear actin bundles joined by the arrows from the tip of the tail to the anterior of the lamella or the back of the lamellipodium. (*b*, ventral section) Polarity for the actin bundles indicated in *a* as a function of bundle position relative to the position of the tip of the tail in the middle section (since the middle section was longer). (*c*, middle section) Polarity was measured for the continuous, colinear actin bundles joined by the arrows from the tip of the tail to the front of the lamellipodium. (*d*, middle section) Polarity for the actin bundles indicated in *c* as a function of bundle position relative to the tip of the tail. Bar, 6.6 μm.
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###### 

Alternating polarity of stress fibers in PtK2 cells. (*a*) Micrograph of stress fibers at low magnification. (*b*) A segment of one stress fiber. Alternating polarity is indicated with ink traces of the chevrons. (*c*) Polarity alternates at short regular intervals in individual stress fibers from three different PtK2 cells (normalized to 0 μm; *n* = 5 cells, 37 stress fiber segments, 2, 654 filaments). (*d*) Histogram of each switch in polarity (*periodicity*) in stress fibers in the entire PtK2 cell population (average periodicity is 0.6 μm, *n* = 50, SD = 0.2). Bars: (*a*) 8.5 μm; (*b*) 0.2 μm.
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###### 

Alternating polarity of subplasma membrane actin filament actin bundles in locomoting chick heart fibroblasts. (*a*) A micrograph of a middle section at low magnification. The bar indicates a stretch of an actin bundle under the plasma membrane. (*b*) In the actin bundle shown in *a*, polarity alternates at short irregular intervals*. (c*) Polarity alternates at irregular intervals in individual subplasma membrane actin bundles from three different fibroblasts (normalized to 0 μm). (*d*) Histogram of each switch in periodicity in subplasma membrane actin bundles in the entire fibroblast cell population (average periodicity is 0.8 μm, *n* = 50, SD = 0.6). Bar, 10 μm.
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###### 

Quantitation of Actin Filament Bundles in Locomoting Fibroblasts

  Cell region (see Fig. [1](#F1){ref-type="fig"} *a*)                             Ventral                                     Middle               Dorsal
  ---------------------------------------------------------------------------- -- ---------------------------------------- -- ----------------- -- -----------------
                                                                                  *(percent total actin bundles)*                                  
  Distribution of actin bundles                                                                                                                    
   Longitudinal bundles                                                           65                                          6                    4
   Transverse bundles                                                              6                                          5                    No bundles
   Sub-plasma membrane bundles                                                      2[\*](#TFI-150){ref-type="table-fn"}      6                    6
                                                                                                                                                   
                                                                                  *μm (SD, n)*                                *μm (SD, n)*         *μm (SD, n)*
  Individual actin bundle length                                                                                                                   
   Longitudinal bundles                                                           12.9 (3.8, 205)                              6.8 (2.4, 35)        2.9 (0.7, 24)
   Transverse bundles                                                              6.5 (2.8, 22)                               6.2 (3.2, 32)       No bundles
   Sub-plasma membrane bundles                                                    13.2 (5.8, 13)                               8.7 (5.2, 20)        3.5 (1.2, 13)
                                                                                                                                                   
  Minimum actin filament length in bundles[‡](#TFI-152){ref-type="table-fn"}                                                                       
   Longitudinal bundles                                                            2.3 (0.7, 68)                               1.4 (0.8, 69)        0.4 (0.2, 185)
   Transverse bundles                                                              1.0 (0.4, 30)                               0.8 (0.3, 55)       No bundles
   Sub-plasma membrane bundles                                                     0.8 (0.3, 31)                               0.6 (0.3, 58)        0.6 (0.2, 42)
                                                                                                                                                   
  Bundle width (transverse and longitudinal)                                      0.36 (0.12, 344)                            0.34 (0.08, 70)      0.29 (0.04, 20)

 Not observed in sections at the ventral cell surface.  

 For longitudinal bundles in ventral and middle cell locations we could generally only determine the location of ends of filaments that were at the side of a bundle. In dorsal sections we also observed apparently short individual actin filaments, and these are included in the average filament length in dorsal longitudinal bundles. Values are overall averages of bundles and filaments observed in 14 individual cells.  

###### 

Polarity of Actin Filament Bundles in the Lamella, Cell Body, and Tail of Locomoting Fibroblasts

                                   Polarity of bundle in cell region                                                     
  ----------------------------- -- -------------------------------------------------------- -- ---------------------- -- -------------
  Longitudinal bundles             Graded                                                      Graded                    Graded
  Transverse bundles               Graded                                                      Majority graded           No bundles
                                                                                               Minority alternating       observed
  Sub-plasma membrane bundles      Alternating (not observed at the ventral cell surface)      Alternating               Alternating
                                                                                                                         

###### 

Correlation Between Actin Filament Dynamics and Types of Cell Motility in Locomoting Fibroblasts

  Actin filament dynamics (with respect to substrate)                   Type of cell motility (see Fig. [1](#F1){ref-type="fig"} *b*)      
  ------------------------------------------------------------------ -- --------------------------------------------------------------- -- ----------------------------------------------------
  Forward (in cell body)                                                0.97, *n* = 43                                                     0.13, *n* = 33
  Rearward (in [\*](#TFIII-150){ref-type="table-fn"}lamellipodium)      0.07, *n* = 21                                                     0.08, *n* = 26
                                                                                                                                           [‡](#TFIII-152){ref-type="table-fn"}0.19, *n* = 15

 Note that the lamellipodium is distinct from the lamella (see Fig. [1](#F1){ref-type="fig"} *a*). In lamellae actin filaments are stationary with respect to substrate (see Fig. [9](#F9){ref-type="fig"}, *g--k*) and so are not included in this table.  

 Value for protuding lamellipodia of stationary fibroblasts. Values are coefficient of correlation (*r* ^2^). For *n* individual marked locomoting fibroblasts, the respective rates of actin filament movement and cell motility were calculated. These rates were plotted on the same graph for the *n* individual cells. A linear curve was fitted and *r* ^2^ for the curve obtained from a graphing program (Cricket Graph).  

![Model for the generation of motile force for forward motility of the cell body during heart fibroblast locomotion. (*a*) Observed dynamic behavior and polarity of actin filaments in locomoting fibroblasts. Actin filaments (rows of consecutive solid parallelograms and triangles) are marked with zones of fluorescence (open parallelograms and triangles). Actin filament polarity (in *a* and *b*) is simplified. Barbed ends are the broad ends of triangles (e.g. in *a* this is to the right). Polarity is not represented for parallelograms. In the cell body in graded polarity actin bundles (*parallelograms*) we do not know the spatial location of the forward moving and stationary actin filament populations. We suspect that on the ventral surface of the cell body, a proportion of or all filaments in graded polarity actin bundles are stationary, because this is the behavior of all the filaments in the lamella, and graded polarity actin bundles in the lamella (*triangles*) are continuous with those in the cell body (e.g., Fig. [3](#F3){ref-type="fig"}, *a* and *b*, and Fig. [5](#F5){ref-type="fig"}, *a* and *b*). In the lamellipodium, actin filaments have uniform polarity and flow rearward with respect to substrate. (*b*) We suggest that (*1*) in graded polarity actin bundles myosin (*two balls* and *one stick*) moving in the direction of (*lower arrow*) the barbed end of a population of stationary actin filaments (row of triangles attached to substrate by a vertical black bar) pulls a second population of actin filaments (row of parallelograms) forward, and this drives the cell body forward (*upper arrow*). (*2*) Myosin (one ball and stick) may also directly move the nucleus forward. Both mechanisms *1* and *2* may exist in cells.](JCB.cramer10){#F10}
